Objective: This study aimed to examine the biomechanical effects of the fixed functional appliances reinforced with miniscrews by finite elements analysis over the cranial and facial bones, temporomandibular joint, and maxillary-mandibular teeth, which are used for the treatment of Class II division 1 malocclusions characterized as mandibular retrognathia.
INTRODUCTION
In the treatment of Class II division 1 malocclusions characterized by mandibular inadequacy, functional and fixed appliances are used that allow forward positioning of the mandibular to stimulate mandibular growth. In contrast to the removable functional appliances, fixed functional appliances provide advantages, such as not requiring patient cooperation, and they can be used along with brackets (1).
Fixed functional appliances are available in rigid, flexible, and semi-rigid models. The Forsus Fatigue Resistance Device (FRD; 3M Unitek Corp, Monrovia, Calif) and Twin-Force Bite Corrector (TFBC; Ortho Organizers Inc., Carlsbad, Calif) are semi-rigid fixed functional appliances and were developed to avoid the ruptures that can occur with flexible fixed functional appliances. Furthermore, rigid fixed functional appliances restrict mouth opening, which has been resolved with the use of semi-rigid fixed functional appliances. Therefore, the FRD and TFBC semi-rigid fixed functional appliances were used in our study. Previous studies using these appliances have reported distal and intrusive movement of the maxillary molars, mesial movement of the mandibular molars, retrusive movement of the maxillary incisors, labial tipping of the mandibular incisors, and skeletal effect with certain amounts (2) (3) (4) (5) (6) (7) (8) (9) (10) .
Undesired dental effects also occur along with the desired skeletal effects with the usage of functional appliances. The use of miniscrews has increased in orthodontic practice to control these dental movements (11) . Conversely, the functional appliance is not used by placing the miniscrews in the maxillary.
Hypothetically, with the use of FRD and TFBC in patients with normal maxillary and retrusive mandibular, it is possible to decrease the maxillary effect and increase the mandibular effect by increasing the maxillary dental anchorage using a miniscrew. The purpose of our study was to comparatively examine the effects of the FRD and TFBC therapy reinforced with miniscrews and conventional FRD and TFBC therapy over the dentofacial structures using finite elements analysis.
METHODS
This study was approved by the noninvasive clinical research ethics committee of Cumhuriyet University.
Class II division 1 malocclusion characterized by normal maxillary and retrognatic mandibular and the 7-mm overjet have been modeled.
The three-dimensional (3-D) models of the cranial, mandibular, and maxillary bones were purchased from a company (21 st Century Solutions Ltd.; Suite 31, Don House, 30-38 Main Street, Gibraltar) that produces the 3-D models of these bones. The models were scanned using a 3-D optic surface scanner by the company, and all data were transferred to the computer ( Figure  1 ). The Sobotta Anatomy Atlas was used and all teeth, periodontal ligaments, sutures (frontomaxillaris, zygomaticomaxillaris, pterigopalatina, zygomaticotemporalis, nasofrontalis, and zygomaticofrontalis), joint discs, and ligaments were modeled using the NX Advanced v10 (Siemens PLM Software, 5800 Granite Parkway, Suite 600, Plano, TX, ABD) software. The tetrahedral model was constructed using the NX Nastran (Siemens PLM Software, 5800 Granite Parkway, Suite 600, Plano, TX, ABD) software, thereby forming the finite elements model of the complete craniofacial structures.
Teeth, cortical bones, and trabecular bones were accepted as homogenous and linear elastic. The 1-mm cortical bone that covers the surface areas of the jaw bones where the teeth were, and beneath this layer was modeled as the trabecular bone. Furthermore, the areas without teeth were modeled as cortical bone (12) . Brackets were modeled as the fixed ties and a 0.017×0.025" stainless steel wire was used as the arc wire.
The Sabotta Anatomy Atlas was used for modeling of the sticking points of joint ligaments to the bone surfaces. The role of discal ligaments is to prevent divergence of the disc and condyle head; hence, discal ligaments were modeled through fixing the distance between some nodes on the disc and condyle head. In case of temporomandibular and capsular ligaments, they were modeled as arc elements by using the sticking points as the base. The auxiliary ligaments that have no effect on the movements of the mandibular were excluded from modeling.
The arc rating of these modeled ligaments was adjusted as 272.4 N/m (13).
The appliances were modeled by measuring horizontal and vertical components of the FRD and TFBC using digital calipers ( Figure  2, 3 ). Miniscrews were placed in the interradicular area, between the upper canine and first upper premolar teeth and their positions were 3 mm apically away from the cemento-enamel junction (14) . The miniscrews were tied to both the upper lateral and upper first molar teeth in the screwed models. In the simulation of Forsus and screwed Forsus appliances, a two-sided pushing force of 200 gf was applied between the distal of the lower canine tooth and first upper molar tooth. In the simulation of Twin-Force and screwed Twin-Force appliances, a two-sided pushing force of 200 gf was applied to the arc wire between the first upper molar and second upper premolar teeth and to the arc wire between the lower canine tooth and the first lower premolar tooth.
Panigrahi et al. (15) modeled the entire skull and used a total 13590 elements and 18582 nodal points. In our study, the numbers of elements and nodal points were increased compared with previous studies, and the model of the skull was formed using 389,851 elements and 636,198 nodes. Because our study did not include multiple patient groups, statistical analysis was not performed.
The elastic characteristics of the material were taken from previous studies (Table 1) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . Mega-Pascal unit (MPa) was used to evaluate stress findings. The color scale at the left side of the figure indicates the stress ratings for each figure.
RESULTS
The areas with the minimum principal stresses, which get low negative ratings in the mandibular, were observed in the anterior area of the mandibular condyle neck in the FRD and screwed-FRD models. They were observed however in the posterior area of the mandibular condyle neck in the TFBC and screwed-TFBC models. The dominant type of stress in these areas was found to be compressive. The areas with the maximum principal stresses, which get high positive ratings, were observed in the posterior area of the mandibular condyle neck in the FRD and screwed-FRD models. They were observed however in the anterior area of the mandibular condyle neck in the TFBC and screwed-TFBC models.
In the simulation of the FRD appliance, the compressive stress (-0.767 MPa) occurred in the anterior area of the condylar neck and the tensile stress (0.871 MPa) occurred in the posterior area. Similarly, in the simulation of the screwed-FRD appliance, the compressive stress (-0.787 MPa) occurred in the anterior of condylar neck, and the tensile stress (0.962 MPa) occurred in the posterior area. However, in the simulation of the TFBC appliance compared with the FRD appliance, the tensile stress (8.77 MPa) occurred in the anterior of condylar neck, and the compressive stress (-6.611 MPa) occurred in the posterior area. In the simulation of the screwed-TFBC appliance, the tensile stress (9.07 MPa) occurred in the anterior of the condylar neck, and the compressive stress (-7.577 MPa) occurred in the posterior area.
The areas with the minimum principal stresses, which get low negative ratings in the articular disc, were observed in the anterior area of the surface of the articular disc facing the condyle in the FRD and screwed-FRD models. They were observed however in the posterior area of the disc facing the condyle in TFBC and screwed-TFBC models. The dominant type of stress in these areas is compressive. The areas with the maximum principal stresses, which get high positive ratings, were observed in the posterior area of the disc facing the condyle in the FRD and screwed-FRD models. They were observed however in the anterior area of the disc facing the condyle in the TFBC and screwed-TFBC models. The dominant type of stress in these areas is tensile.
In the simulations of the FRD and screwed-FRD models, the compressive stress (FRD: -0.190 MPa, screwed-FRD: -0.114 MPa) occurred in the anterior area of the disc facing the condyle, and the tensile stress (FRD: 0.247 MPa, screwed-FRD: 0.135 MPa) occurred in the posterior area. However, in the simulations of the TFBC and screwed-TFBC appliances, compared with the FRD appliance, the tensile stress (TFBC: 1.256 MPa, screwed-TFBC: 1.230 MPa) occurred in the anterior area of the disc facing the condyle, and the compressive stress (TFBC: -1.184 MPa, screwed-TFBC: -1.239 MPa) occurred in the posterior area.
In all the models, the areas with the minimum principal stresses, which get low negative ratings in the maxilla, were observed in the buccal area of the socket of the first upper molar. The dominant type of stress in these areas is compressive. The areas in the FRD, screwed-FRD, TFBC, and screwed-TFBC models with the maximum principal stresses, which get high positive ratings, were observed in the palatinal area of the first upper molar.
It was observed in all the models that the intensities of minimum and maximum principal stresses in the neck areas of the first upper molar were increased. In the screwed models, particularly in the screwed-FRD model, the minimum and maximum principal stresses in the upper lateral teeth were significantly high ( Figure  4 , 5).
DISCUSSION
In a study by Gupta et al. (27) , the highest post mandibular protraction stress was observed in the posterior area and posterio-superior areas of the condyle, and the stress was determined in this area to be tensile. Compressive stress occurred in the anterio-superior areas of the condyle and a resorptive area developed in this region. Similarly, Zhou et al. (25) examined the cartilage structures of the condyle using 3-D finite element analysis (FEM) after the mandibular protraction. After simulation of the mandibular protraction, they reported that tensile stresses occurred in the posterior areas of cartilage surfaces of the condyle. In our study, similar to these two studies, we observed the highest tensile stress in the posterior area of the condyle and the highest compressive stress in the anterior area of the condyle for the FRD and screwed-FRD appliances. We reached different conclusions in the models of TFBC and screwed-TFBC and we this difference is attributed to the appliance's more vertical components and consequently, to the application of more vertical force.
In all the models, the minimum principal stress (FRD: -2.025 MPa, screwed-FRD: -1.627 MPa, TFBC: -1.525 MPa, and screwed-TFBC: -1.074 MPa) in the buccal neck of the first upper molar is more active; hence, the compressive stress is observed in the buccal of the first upper molar teeth. In these models, the maximum principal stress (FRD: 1.749 MPa, screwed-FRD: 1.370 MPa, TFBC: 0.686 MPa, to the expansive force applied to the tooth by appliances. According to the principal stress ratings, the FRD appliance has more expansive effect than the TFBC appliance. Furthermore, the FRD appliance has a more expansive effect than the screwed-FRD appliance, and the TFBC appliance has more expansive effect than the screwed-TFBC appliance. According to these results, it is suggested that the support of miniscrews decreases the undesired expansive effect that occurs on the first upper molar tooth.
In all the models, the minimum principal stress (FRD: -1.594 MPa, screwed-FRD: -1.043 MPa, TFBC: -0.852MPa, screwed-TFBC: -0.570 MPa) in the distal neck of the first upper molar is more active and hence the compressive stress is observed in the distal of the first upper molar teeth. We believe that these stresses on the first upper molar tooth occur due to the distalization force applied by the appliances on the tooth. According to the principal stress ratings, the FRD appliance has more effect than the TFBC appliance, which causes molar distalization. We believe that the reason for this outcome is that the FRD appliance applies a primarily horizontal and direct force on the first upper molar tooth and the TFBC appliance applies a primarily vertical force on the arc wire. Furthermore, the FRD appliance causes greater distalization than the screwed-FRD appliance, and TFBC appliance has more effect to cause distalization than the screwed-TFBC appliance. According to these results, it is suggested that the support of miniscrews decreases the undesired distalization that occurs on the first upper molar tooth.
In all models, the minimum principal stress (FRD: -0.79 MPa, screwed-FRD: -0.90 MPa, TFBC: -1.162 MPa, and screwed-TFBC: -1.487 MPa) is more effective in the buccal neck of the lower canine and hence the compressive stress is observed in the buccal neck of the canine teeth. This compressive stress occurs in the lower canine teeth because of the force resulting in the protrusion of the lower incisors. According to the data, maximum protrusion of lower incisors is observed in the screwed-TFBC model, minimum protrusion of the lower incisors are observed in the FRD model, and the TFBC appliance causes more protrusion of the lower incisors than the FRD appliance. This result is considered to occur because the molar distalization is less with the TFBC appliance. Unscrewed appliances cause less protrusion of the lower incisors than the screwed appliances. This result is considered to have occurred because the anchorage rating has increased in the maxillary teeth due to the miniscrews.
In a clinical study, Aslan et al. (28) compared the FRD and screwed-FRD appliances. They placed miniscrews between the lower canine and the first lower premolar teeth and secured the miniscrew into the lower canine tooth. The first upper molar distalization of 1.45 mm was observed with the FRD appliance; however, the first upper molar distalization of approximately 2.11 mm was observed in the screwed-FRD appliance. In this study, the anchorage of the mandibular dental arc increased and the molar distalization observed in the screwed-FRD appliance was more than the FRD appliance. Although the mandibulary anchorage was observed to be increased in the study by Aslan et al., the maxillary anchorage was increased in our study and in the screwed models; the upper molar distalization is increased in the study by Aslan et al. (28) , whereas protrusion of the lower incisors was increased in our study. The result of this study was consistent with our findings.
It is determined that screwed Forsus and screwed Twin-Force appliances can be used to prevent unwanted molar distalization and expansion of the upper molars, but precautions should be taken for lower incisor protrusions. Our study showed that miniscrews can be inserted into the mandible to prevent lower incisors protrusion.
CONCLUSION

•
The FRD appliance has more expansive effect on the upper molar area than the TFBC appliance. Furthermore, unscrewed models have more expansive effect than the screwed models. Based on these conclusions, the undesired expansive effect on the first upper molar tooth can be decreased through miniscrew support.
• High stress ratings were observed in the condyle neck.
In the fixed functional appliances, the miniscrew support can decrease the maxillary dental effect and increase the mandibular effect.
